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Role of VEGF-A in Vascularization
of Pancreatic Islets
and metabolism. They are tissues that, unlike exocrine
glands, have no ducts but release their secretions, called
hormones, directly into the blood. Thus, it is important to
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vessels in order to deliver endocrine hormones. In theand Douglas A. Melton2
1Max-Planck Institute of Molecular Cell Biology following study we looked at the vascular development
of the endocrine pancreas or pancreatic islets becauseand Genetics
01307 Dresden their function is disturbed during diabetes mellitus and
various attempts have been made to either stimulateGermany
2 Harvard University islet function or regrow islets for the treatment of diabe-
tes. We have recently discovered that blood vesselsDepartment of Molecular and Cellular Biology
Howard Hughes Medical Institute provide inductive signals needed for endocrine pancre-
atic development [1]. As a result, endocrine cells formCambridge, Massachusetts 02138
3 Massachusetts General Hospital and adjacent to blood vessels [1]. Once endocrine pancre-
atic cells have formed, they express high levels of vas-Harvard Medical School
Boston, Massachusetts 02114 cular endothelial growth factors and start to secrete
hormones. In general, endocrine glands express particu-4 University of Texas Southwestern Medical Center
Department of Surgery and larly high levels of vascular endothelial growth factors
(VEGFs), and a VEGF specific for steroidogenic endo-Hamon Center for Therapeutic Oncology Research
Dallas, Texas 75390 crine glands has been recently identified [3]. All this
prompted us to investigate the mechanisms by which5 Genentech
South San Francisco, California 94080 the endocrine cells, in particular pancreatic islets, co-
evolve with endothelial cells to form a functional endo-
crine gland.
In the pancreas, endocrine rather than exocrine cellsSummary
upregulate VEGF-A during islet formation when they
start to secrete hormones [1, 4]. To understand the roleBlood vessel endothelium has been recently shown to
of VEGF-A in the pancreas and pancreatic islets in par-induce endocrine pancreatic development [1]. Be-
ticular, we generated mice with a pancreatic VEGF-Acause pancreatic endocrine cells or islets express high
deletion by driving Cre recombinase under the pdx1levels of vascular endothelial growth factors, VEGFs
(Pancreas-duodenum homeobox gene 1) promoter in[2, 3], we investigated the role of a particular VEGF,
the presence of “floxed” VEGF-A alleles [5–9]. The pdx1-VEGF-A, on islet vascularization and islet function. By
cre mouse starts to recombine loxP sites in the pancre-deleting VEGF-A in the mouse pancreas, we show that
atic epithelium at embryonic stages when islets haveendocrine cells signal back to the adjacent endothelial
not yet formed. Thus, VEGF-A starts to be deleted beforecells to induce the formation of a dense network of
islets form and is virtually absent from adult islets infenestrated capillaries in islets. Interestingly, VEGF-A
pdx1-cre x VEGFloxP mice (/mice for short; Supple-is not required for the development of all islet capillar-
mental Data).ies. However, the few remaining capillaries found in
the VEGF-A-deficient islets are not fenestrated and
contain an unusual number of caveolae. In addition,
Localization of Pancreatic Islets Adjacentglucose tolerance tests reveal that the VEGF-A-in-
to Vessels Does not Depend on VEGF-Aduced capillary network is not strictly required for
As shown in Figure 1, VEGF-A deletion did not preventblood glucose control but is essential for fine-tuning
or grossly disrupt endocrine pancreatic development,blood glucose regulation. In conclusion, we speculate
and VEGF-A/ islets developed adjacent to pancreaticthat islet formation takes place in two sequential
blood vessels (Figures 1A and 1B). In contrast, the devel-steps: in the first step, signals from blood vessel endo-
opment of islet capillaries was severely impaired in thethelium induce islet formation next to the vessels, and
absence of VEGF-A (Figures 1C and 1D). The islet cellin the second step, the islets signal to the endothelium.
area did not change in the pancreas of/mice (FigureThe second step involves paracrine VEGF-A signaling
1E), and islets could reach a normal size (Figure 1D),to elaborate the interaction of islets with the circula-
although a larger number of small islets were found (seetory system.
the Supplemental Data available with this article online).
These data reveal that islet development adjacent to
Results and Discussion pancreatic blood vessels and capillary network forma-
tion inside of islets are two distinct events and that only
Endocrine glands play a critical role in many aspects of the second event depends on VEGF-A. A reduction in
multicellular life, including reproduction, growth control, the number of islet capillaries in response to loss of
VEGF-A has been recently described in a report on the
role of VEGF-A in  cell carcinogenesis [2]. The report*Correspondence: lammert@mpi-cbg.de
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Figure 1. Islet Development Adjacent to Pancreatic Blood Vessels
Is Independent of VEGF-A Levels
(A and B) VEGF-A-deficient islets (/) were either located directly
adjacent to the vessels or separated from vessels by a few cell
diameters.
(C and D) Compared with wild-type (wt) islets (C), VEGF-A-deficient Figure 2. VEGF-A Is Required for the Endothelial Cell Morphology
(/) islets (D) had a reduced number of capillaries. Insulin was of Islets
stained green, PECAM1/CD31 (an endothelial cell marker) was
(A and B) Electron-microscopic images show a capillary surroundedstained red, and DAPI (a cell nucleus marker) was stained blue in
by pancreatic  cells in wild-type (A) and / (B) islets.these light-microscopic images. Scale bars represent 50 m.
(C and D) Magnifications of the upper panel (A and B) are shown(E) In the / pancreas, the number of endothelial cells (ECs) is
for wild-type (C) and / (D) islets. BM, basement membrane; SG,reduced in contrast to the islet cells. In brief, 30 pancreas sections
secretory granule; islet cell  pancreatic  cell as determined byof mice of each genotype (n  3) were stained for PECAM1 and
its location inside of islets and the large halos, which surround mostinsulin to determine what percentage of the total pancreas area is
of the insulin granules. Scale bars represent 1 m.stained or made up of endothelial cells and  cells, respectively.
(E and F) An EC body of a wild-type islet (E) and / islet (F) isECs inside of islets and ECs attached to the outside of islets were
shown. Arrowheads point to fenestrae (E) and caveolae (F). Scaleused for “% EC area in islets.” NIH image was used for measuring
bars represent 100 nm.the areas of scanned images.
(G) The numbers of fenestrae and caveolae found on 3 m EC body
inside of pancreatic islets are shown. Six islets of each genotype
were used for determining these numbers. Nuclear regions on EC
showed that VEGF-A is not the only VEGF expressed were excluded from the calculation.
by islets. In light of the efficient VEGF-A deletion ob-
served in pdx1-cre x VEGFloxP mice (/ mice), it is
possible that the remaining capillaries have formed in by a permeable diaphragm (Figure 2E, arrowheads). In
the absence of pancreatic VEGF-A, the characteristicresponse to the other VEGF ligands.
EC morphology of the remaining islet capillaries was
dramatically altered (Figures 2B, 2D, and 2F). The ECsVEGF-A Is Required for the Endothelial Cell
Morphology of Pancreatic Islets had a thicker cell body, and there were few fenestrae
(compare Figures 2A, 2C, and 2E with 2B, 2D, and 2F).We used transmission electron microscopy to show that
islets contain capillaries formed by extremely thin and In addition, changes in the basement membrane were
observed. Interestingly, ECs in / islets containedfenestrated EC (endothelial cell) bodies (Figures 2A, 2C,
and 2E). The endothelial fenestrae result from the fusion many caveolae in contrast to wild-type islets (Figure 2F;
arrowheads and Figure 2G). Caveolae are defined asof apical and basal plasma membranes and are bridged
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Figure 3. VEGFR2 Expression on Islet Endothelium
Electron-microscopic images show an islet cell adjacent to a capillary formed by an EC (upper left corner). The presence of black DAB reaction
product in the EC indicates the presence of antigenic sites for the markers indicated.
(A) Islet stained for the platelet-endothelial cell adhesion molecule PECAM1.
(B) Islet stained for the vascular endothelial growth factor receptor VEGFR2.
(C) Islet stained with no primary antibody as a control. Scale bars represent 0.5 m.
membrane cavities with a diaphragm [10], and they were challenge (Figures 4A and 4B). Thus, neither the high
density of capillaries nor their fenestration is strictly re-found on both apical and basal plasma membranes in
quired for blood glucose control. However, the VEGF-/ islets (Figure 2F). In contrast to the endothelial
A-induced capillary network is essential for an optimizedchanges,  cell secretory granules (SG) and plasma
blood glucose regulation. Although the glucose toler-membranes were not altered in the mutant (Figures 2C
ance tests point to a possible defect in the fast releaseand 2D). Thus, VEGF-A is evidently required for the mor-
of insulin, they cannot discriminate between the fastphological development of ECs within pancreatic islets.
first-phase and slow second-phase of insulin secretion.
Thus, detailed future research will have to look at the
Paracrine VEGF-A Signaling in Pancreatic Islets role of fenestrated islet capillaries in the timing of insulin
Because VEGF-A has been shown to induce fenestrae secretion.
when applied to cells and tissues [11–13], we investi- The fact that / mice live and respond to a glucose
gated whether islet-produced VEGF-A acts on ECs in a challenge shows that insulin secretion through endothe-
paracrine manner. Using electron microscopy, we ob- lial fenestrae cannot be the exclusive mode of insulin
served that VEGFR2 expression, the principal signaling entry into the circulatory system. Transcytosis of pro-
receptor for VEGF-A [14], was exclusively expressed teins in the continuous microvascular endothelium has
by ECs (Figure 3). Because VEGF-A was deleted in all been previously described as a mechanism of capillary
pancreatic epithelial cells rather than mesenchymal cells permeability involving caveolae [16]. It therefore is note-
(such as ECs or pericytes), the morphological phenotype worthy that we occasionally observed what appeared
of ECs in islets reflects paracrine VEGF-A signaling from to be an endo- or transcytotic uptake of islet cell gran-
islet cells to VEGFR2-expressing ECs. Thus, high ules by the thickened endothelium of / islets, thus
pointing to an alternative mode of insulin release intoVEGF-A levels in islet cells act on ECs in a paracrine
the blood (Figures 4C and 4D).manner to establish a network of fenestrated capillaries.
In summary, we propose a two-step model for endo-It is noteworthy that fenestrated ECs are also found
crine gland formation—specifically, the formation ofadjacent to other islet cells (such as  cells) and the
pancreatic islets. In the first step, blood vessel endothe-exocrine tissue is characterized by ECs with few endo-
lium induces islet development [1]. As a result, isletsthelial fenestrae corresponding to the low VEGF-A levels
form adjacent to blood vessels (Figure 1). In the secondfound in this tissue (Supplemental Data).
step, the newly formed islets induce capillary develop-
ment. As a result, a dense network of fenestrated capil-
VEGF-A Is Required for Optimized laries connects the islets with the blood vessel system
Blood Glucose Regulation (Figures 1 and 2). The first step involves signaling from
In perfusion experiments with horseradish peroxidase, blood vessel endothelium to the pancreatic epithelium
it was shown that the endothelial fenestrae in islets are and therefore is independent of islet VEGF-A. The sec-
sites through which proteins can quickly permeate [15]. ond step involves signaling from the islet to the endothe-
Thus, we wondered whether loss of endothelial fenestra- lium and requires VEGF-A as a paracrine signal known
tion in / islets (Figure 2G) impairs insulin secretion to induce vascular permeability [17]. We have previously
and consequently leads to elevated blood glucose lev- shown that VEGF-A overexpression leads to more ECs,
els. The results of glucose tolerance tests showed that which in turn induce ectopic islet cell growth. The finding
/ mice displayed defective blood glucose levels but that VEGF-A / islet cells form adjacent to pancreatic
vessels is in line with the notion that, during normalwere principally capable of responding to a glucose
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between endothelial cells and endocrine cells leads to
the formation of a functional endocrine gland.
Supplemental Data
Supplemental Data shows data on islet VEGF-A expression, embry-
onic Pdx1-Cre activity and VEGF-A deletion, and the effect of
VEGF-A levels on pancreatic organ and islet size as well as Experi-
mental Procedures.
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